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Abstract
The aim of this paper is to advance in the field of the development of low-cost synthesis techniques easy to transfer at an industrial scale for
electrolyte functional materials in intermediate temperature solid oxide fuel cells (IT-SOFC). We developed an original sol–gel route to
synthesize La9.33Si6O26 oxides. This approach is straightforward, inexpensive, versatile and it produces pure powders with controlled size and
morphology. Via sol–gel route, crystallization temperature of such phases are drastically reduced: 800 8C in comparison with 1500 8C in
solid-state conventional routes. The dependance of the nature of the phases was studied by varying several parameters as the hydrolysis rate,
the volumetric ratio of catalyst to TEOS and the silicon concentration. All these parameters affect the homogeneity of the gel and thus, the
purity of the oxides obtained after heat treatment in air. These oxyapatite materials have particle size of about 100 nm after heat treatment at
1000 8C. The use of these powders for ceramic processing allows a decrease of the sintering temperature of more than 200 8C.
Keywords: A. Sol–gel processes; A. Sintering; D. Apatite; E. Fuel cells1. Introduction
New solid ionic conductors have received special attention
in relation to their applicability in SOFC systems as
electrolyte materials. Electrolyte processing requires sub-
micron materials with a controlled morphology, which
conventional solid state chemistry paths are unable to
provide. Apatite-type oxides have the general formula
M10(XO4)6O2y, where M is a metal such as rare earth or
alkaline earth and X is a p-block element such as P, As, Si, Ge.
A number of stoichiometries including anion/cation-deficient
and anion-excess compositions have been investigated as
ionic conductors. The results have shown that the highest
conductivities are obtained with either the cation-deficient or
anion-excess materials. More precisely, the best ionic
conductivity has been found for the oxygen-excess lantha-
num-based silicates and germanates La10x(XO4)6O2y
(X = Si, Ge). Their conductivities are similar or better than* Corresponding author. Tel.: +33 5 61 55 61 08; fax: +33 5 61 55 61 63.
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doi:10.1016/j.ceramint.2005.03.001those of YSZ at 500 8C (4  103 S cm1 versus
1  103 S cm1), however, they are lower at high tempera-
tures [1–9]. These results have been correlated to the structure
of these materials [10–14].
In this paper, we report the use of acid-catalyzed silica sol
with tetraethyl orthosilicate (TEOS) and lanthanum nitrate
as precursors for the gel formation to prepare directly
oxyapatite powder. In addition, these powders can be used
either directly to form ceramics by sintering, or to formulate
slurries for the processing of thick layers.
2. Experimental
2.1. Preparation of precursor gels
TEOS (tetraethyl orthosilicate 98%) and lanthanum
hexahydrate nitrate La(NO3)36H2O (98%) were obtained
from Acros organics and used as raw materials. The
synthesis of La9,33Si6O26 gels were performed in pure
ethanol at room temperature. In a typical experiment, 15 g of
Fig. 2. TGA curve of a gel as-calcined at 160 8C.La(NO3)36H2O was dissolved in a mixture of 10 mL
ethanol and 10 mL acetic acid to give a clear transparent
solution that remained unchanged upon storage, under room
conditions. Five millilitres of TEOS was added to the
solution, and after 1 h of stirring, the color remained
unchanged. With time and heating, the solution transformed
into a viscous white gel. Gel formation usually occured
within several hours at 90 8C. This experimental procedure
is summarized in Fig. 1.
2.2. Physico-chemical and structural characterizations
Thermogravimetric (TGA) analysis was carried out on a
Setaram TG-DTA 92 microbalance with 20 mg of amor-
phous samples and alumina as reference. The experiments
were performed in air at a heating rate of 5 8C/min from
room temperature to 1000 8C (accuracy 104 g). Fig. 2
shows the TG curves of the dried gel heat-treated at 160 8C.
The decomposition of the dried gels occurs in several steps
and it ends up at 600 8C. These different steps might be
attributed to the elimination of water and the decomposition
of organic compounds. Accordingly, all the La9,33Si6O26
gels were heat-treated in air at 600 8C for 4 h (with a heating
rate of 100 8C/h) in order to remove water and organic
compounds. The amorphous powders obtained were then
calcined at various temperatures: 800 8C (10 h), 1000 8C
(2 h) and 1500 8C (2 h).
Powder XRD analyses at room temperature were carried
out with Seifert XRD 3003-TT diffractometer equipped with
secondary monochromator and using a Cu Ka radiationFig. 1. Flow chart for the preparation of La9.33Si6O26 powders.source (Ka1 = 0.15405 nm and Ka2 = 0.15455 nm). These
experiments have been performed on each sample in order
to reveal the crystallographic structure of the powder
samples after heating gels at 1000 8C in air. The Rietveld
method and FullProf program were used for crystal structure
refinement. These methods are used to determinate both cell
parameters and crystallite size.
Scanning electron microscopy (SEM) (JEOL JSM 6400)
was used to observe the morphology of powders resulting
from various sintering conditions.
The densification state of the pellets was determined by
the ratio between the experimental density and the
theoretical one determined from the cell parameters. The
measured volume mass was evaluated from the ratio
between the pellet mass and the pellet volume.3. Results and discussion
In this paper, the characteristics of La9,33Si6O26 powders
are studied and different correlations are presented to
understand the dependance of the gel structure with the
synthesis parameters.
3.1. Gel formation studies
As described in the experimental section, white
La9,33Si6O26 gels were prepared through the simple addition
of TEOS to a solution of La(III) salt with acetic acid as
catalyst in ethanol. To more completely understand the
process that causes gelation by this method, we describe
hereafter the different steps which resulted in the formation
of the gels [15]. In general, the first step is the hydrolysis of
alkoxide groups via nucleophilic substitution. This step
replaces alkoxide groups (OR) with hydroxyl groups (OH).
Then, subsequent condensation reactions involving the
silanol groups produce siloxane bonds (Si–O–Si) plus the
by-products water or alcohol (EtOH). Frequently, the
condensation begins before hydrolysis is completed. Note
that alcohol is produced as the by-product of the hydrolysis
reaction. Its role is more complicated and not limited to be a
solvent; it can have an homogenizing role because TEOS is
Fig. 3. X-ray diffraction patterns of powders obtained after decomposition
and calcination at 1000 8C of gel 1 (r = 9.4), gel 2 (r = 14.5) and gel 5
(r = 109).not miscible in water and it can participate too in reverse
esterification or alcoolation reactions (see Eqs. (1)–(3)).
Hydrolysis : ðOEtÞ3SiOEt þ H2O
! ðOEtÞ3SiOH þ ROH (1)
Alcoholcondensation : SiOEt þ HOSi
$ SiOSi þ EtOH (2)
Watercondensation : SiOH þ HOSi
$ SiOSi þ H2O (3)
From these, it is likely to see that the H2O/Si molar ratio
and the concentration of silicon might influence the kinetics
of the hydrolysis and condensation and further the
homogeneity of the gel. Another factor that may influence
both the hydrolysis and condensation rates is the use of
catalyst in the synthesis process [16].
In the mechanism proposed, we can see that the lanthanum
cations did not participate to the formation of the gel network.
We supposed that lanthanum cations are only homogeneously
distributed along the –Si–O–Si– chains.
To clarify the role of the different parameters mentioned
above and to define the best experimental parameters which
promote the formation of mixed oxides, we successively







Gehe hydrolysis molar ratio, the catalyst,
Fig. 4. X-ray diffraction patterns of gel 1 (r = 9.4) calcined at 1000 8C and t
1500 8C.he silicon concentration.
3.2. Effect of the hydrolysis ratio (r = H2O/Si)
In a series of experiments, summarized in Table 1,
La(NO3)36H2O was dissolved in acetic acid and ethanol
mixture, and to those solutions, varying amounts of water
were added. The hydrolysis ratio (r) ranges from less than 10
to more than 100. Note that r = 9.4 corresponds to the lowest
value of water added in the media and is related to the
crystallization of water of the lanthanum nitrate.
TEOS and acetic acid were added to each solution in a
volumetric ratio acid/TEOS equal to 2 and the silicon
concentration was adjusted with ethanol at 0.4 mol L1. Gel
formation occured in all the cases after keeping the solution
overnight at 80 8C.
The gels with different hydrolysis ratio r were calcinated
at 1000 8C in air for 2 h. In Table 1 and Fig. 3, oxideble 1
uence of hydrolysis ratio (r) on the involved phases after calcination at 1000
mple Acetic acid/TEOS volumic ratio r = water/Si molar ratio
l 1 2 9.4
l 2 2 14.5
l 3 2 22
l 4 2 96.5
l 5 2 109structures are presented. Note that the lower the r ratio, the
smaller the amount of impurities (La2O3 or La2SiO5) in the
apatite structure. Hydrolysis and condensation reactions
take place. However, for gels 4 and 5, gel inhomogeneity is
due to the large value of r, which promotes siloxane bond
hydrolysis ensuring bad homogeneity in the network.
These experiments indicate that there is a threshold amount
of H2O needed for succesful homogeneity in the gel by this
method.
However, it is important to note that a calcination of the
products (gel 1) at temperatures higher than 1000 8C gives
rise to the formation of La2SiO5 and La2Si2O7 type-
secondary phases (Fig. 4). This heat treatment allows the
crystallization of amorphous compounds and reveals that
our gels were not homogeneous.8C
Concentration of Si (mol L1) DRX at 1000 8C
0.4 Apatite
0.4 Apatite + La2O3
0.4 Apatite + La2SiO5
0.4 Apatite + La2SiO5 + La2O3
0.4 Apatite + La2SiO5 + La2O3
Table 2
Influence of volumic ratio (r) between acetic acid and TEOS after calcination at 1000 8C
Sample Acetic acid/TEOS voluminal ratio r = water/Si molar ratio Concentration of Si (mol L1) DRX at 1000 8C
Gel 6 0 9.4 0.4 Apatite + La2O3
Gel 7 1 9.4 0.4 Apatite + La2O3
Gel 8 2 9.4 0.4 Apatite + La2O3
Gel 9 4 9.4 0.4 Apatite + La2SiO5
Gel 10 6 9.4 0.4 Apatite + La2O3
Gel 11 8 9.4 0.4 Apatite + La2SiO5 + La2O3
Gel 12 10 9.4 0.4 Apatite + La2SiO5 + La2O3
Table 3
Influence of silicon concentration after calcination at 1000 8C
Sample Acetic acid/TEOS voluminal ratio r = water/Si molar ratio Concentration of Si (mol L1) DRX at 1000 8C
Gel 13 2 9.4 0.9 Apatite
Gel 14 2 9.4 0.56 Apatite + La2O3
Gel 15 2 9.4 0.4 Apatite + La2O3
Gel 16 2 9.4 0.3 Apatite + La2O3
Gel 17 2 9.4 0.23 Apatite + La2O3
Gel 18 2 9.4 0.2 Apatite + La2SiO5 + La2O3
Fig. 5. X-ray diffraction patterns of La9.33Si6O26 calcined at 800 8C for
10 h, 1000 8C and 1500 8C for 2 h.In the following study, the hydrolysis rate which
influences the nature of the phases obtained, is kept to a
lower value of 9.4.
3.3. Role of the catalyst in gel formation
Catalysts are used in sol–gel synthesis in order to control
both hydrolysis and condensation rates. However, the
understanding of catalytic effects is often complicated by
the increasing acidity of silanol groups with the extent of
hydrolysis and polymerization and, by the effects of reverse
reactions. Though choice of the catalyst and its unique
characteristics such as the rate of gel formation, gel structure
can be changed. Avariety of catalysts has already been studied
for the synthesis of silica gels and, a considerable reduction of
gel time with acetic acid catalyst compared to HCl, HNO3 or
H2SO4 is observed [16]. Accordingly, in this study, acetic acid
catalyst has been chosen. The volumetric ratio of catalyst to
TEOS was optimized and several experiments were
performed with ratios varied in the range [0,10] (Table 2).
These experiments indicated that there is no real influence of
the volumetric ratio of catalyst to TEOS on the nature of the
phases. However, for ratios higher than 8, it can be observed a
mixture of phases (as gel 5 in Fig. 3). This could be related to
the kinetics of the hydrolysis and condensation which have to
be low in order to ensure a good homogeneity in the gel.
For the next studies, we kept this volume ratio equal to 2.
3.4. Effect of the silicon concentration in gel formation
Another synthesis parameter that was extensively inves-
tigated was the silicon concentration in gel formation. This
parameter might influence the structure of the gel, thus its
homogeneity. Therefore, to understand the effect of the silicon
concentration in the formation of La9,33Si6O26 gels by thealkoxide method, several gels with various silicon concentra-
tions were prepared. These concentrations were adjusted with
ethanol. All the other parameters were kept constant: r = 9.4
and thevolumetric ratio of acetic acid/TEOS is kept equal to 2.
The results are summarized in Table 3. The highest value is
0.9 mol L1 and is related to the solubility limit of lanthanum
nitrate in the sol. La9,33Si6O26 pure oxides are formed when
the silicon concentration is high. These experiments indicate
that there is a critical silicon concentration below which no
pure phase was observed after heating gels in air at 1000 8C.
That minimum value is 0.9 mol L1 for synthesis conditions
described in Table 3. From these experiments, it is difficult to
explain how the silicon concentration affects the gel
homogeneity. However, some explanation can be proposed.
The formation of impurities might be correlated to the solvent
quantity which varies with the silicon concentration. Indeed,
the addition of high quantity of ethanol modifies the value of
the hydrolysis ratio r because of the presence of water.
According to these results, it seems that the most important
factor, that need to be controlled, is the rate of the hydrolysis.
Fig. 6. Structural refinement on the powder obtained at 1000 8C.These studies allow us to define the best conditions to
prepare pure oxyapatites. These conditions are successful
when r = 9.4, volumetric ratio acetic acid/TEOS = 2 and
silicon concentration = 0.9 mol L1. Gels prepared in such
conditions are then calcined to synthesize oxyapatite powders.
3.5. La9,33Si6O26 powders characteristics
To quantify the effect of the heating temperature on the
microstructure of these oxides, several calcination tempera-
tures have been used ranging from 800 8C to 1500 8C
(Fig. 5). It can be observed that after the decomposition of
the dried gel at 600 8C, the powder is still amorphous. At
800 8C, XRD patterns already present the main peaks of the
apatite phase. Further, an increase of the heating temperature
leads to the increase of the peak intensity.
In order to determine the symmetry and the space group
of the apatite structure, Rietveld refinement on powders
calcinated at 1000 8C has been performed (Fig. 6). It has
been confirmed that the space group of this apatite is P63/m
with the following cells parameters: a = 9.726(3) A˚ and
c = 7.184(5) A˚. These results are similar to those observed in
literature [6,9,12–14].
The crystallite size has been evaluated for samples
calcinated at 1000 8C and 1500 8C. The evaluation of
particle size has been done from Rietveld refinement
method. The crystallite size is about 105 nm (accuracy 5%)
at 1000 8C. This result was confirmed by SEM analyses. The
grain size evaluated from SEM is about 100–150 nm.
However, it is difficult to appreciate the particle size as they
are agglomerated (Fig. 7). These results show that some of
the grains are monocrystallites.
The particle size changes with the calcination tempera-
ture. As the temperature increases, the particle size tends to
increase too. At 1000 8C, the particle size is about 100 nmFig. 7. Scanning electron micrographs of oxyapatite La9.33Si6O26 powderand increases up to 1 mm after heating at 1500 8C (Fig. 7).
Specific surface area decreases from 6 m2 g1 at 1000 8C to
1 m2 g1 at 1500 8C.
3.6. Processing of powders to prepare ceramics
This method allows the synthesis of oxyapatite materials
having very small crystallites. These nanoparticles can be
used to process dense ceramics. In this case, a decrease of
the sintering temperature is usually observed for ceramics
made of such oxides with small size particles [17].
With sol–gel powders, sintered pellets with relative density
of 92% are achieved at 1400 8C with a heating rate of
100 8C h1 and sintered for 2 h. This result is very interesting
because, for oxyapatite powders synthesized by wet route
chemistry, best densification values at 1500 8C were of about
74% [8]. The solution we have chosen to increase the densitys calcined at 1000 8C (a and b) and calcined at 1500 8C (c and d).
Fig. 8. Scanning electron micrograph of La9.33Si6O26 ceramics with a
sintered density of 92%.is to introduce an attrition-milling step for 2 h after calcination
at 1000 8C of powders. Indeed, without attrition milling,
powders are agglomerated and it is very difficult to eliminate
inter-agglomerate pores [17]. After our attrition step, powders
are deagglomerated and there are only intra-agglomerate
pores which are easier to eliminate than inter-agglomerate
pores. That is why the ceramics density can be significantly
increased to a value of 92%.
Fig. 8 shows a micrograph of dense La9,33Si6O26
ceramics. The grain size of dense ceramics lies around
0.5–3 mm, and is about 10 times more than the starting
powders.
By solid-state synthesis, it is important to underline that
this sintering temperature is 1700 8C for density higher than
90%. In case of a thermal treatment at 1500 8C by solid-state
route, the final density is lower than 83% [7].
The use of powders prepared through our sol–gel method
allows a decrease of more than 200 8C of the sintering
temperature.
Preliminary results on conductivity measurements on
these ceramics have shown value of about 7.3 
104 S cm1 at 800 8C [18]. This result corresponds to
the value observed in literature [1–8]. But these experiments
need to be optimized.4. Conclusions
A new safe and straightforward sol–gel method for the
preparation of La9,33Si6O26 oxides was investigated.
Implementation of this method allowed the preparation of
La9,33Si6O26 powders made up of quite uniform particle size
(around 100 nm) and specific surface area (6 m2/g) at
1000 8C.
Several experimental parameters (mainly hydrolysis
molar ratio, volumetric ratio of catalyst to TEOS and
silicon concentration) were studied to prepare gels. Detailedexperiments suggest that the hydrolysis molar ratio r is the
key factor for the synthesis of oxyapatites.
One of the main advantages of this method, from an
industrial point of view, is to obtain oxyapatites at
temperatures as low as 800 8C. The common temperature
for this synthesis by solid-state process is around 1500 8C
with intermediate grindings. The decrease of the heating
temperature is very useful to synthesize powders with small
crystallite size of about 100 nm. These powders are more
reactive and sintering temperature is decreased from
1700 8C to 1400 8C for dense ceramics.
Another advantage of this method is its versatility: to
process ceramics and to synthesize films via the dip-coating
process either from sols or from slurries made of powders
issued from the gels. Our laboratory already has developed
such processes on YSZ electrolyte materials [19]. In future
works we will transpose these methods for the synthesis of
oxyapatite films.Acknowledgements
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